Abstract-This work concerns a limited feedback scheme taking into account the channel time-correlation during the feedback design in slow fading environment. We consider the Coordinated MultiPoint (COMP) system model with other-cell interference (OCI). We determine the feedback updating period which is triggered by the transmitters to enable the receiver to send the CSI. This updating period is function of the channel temporal correlation, available feedback bits, and the number of transmit antennas. An optimal updating period is derived such that it guarantees that the average signal-to-interference-and-noise ratio (SINR) is greater than or equal to that of the conventional feedback scheme that does not adapt its feedback period to the temporal correlation. The numerical results show performance improvement in terms of overall capacity and feedback overhead reduction when comparing the proposed adaptive scheme with conventional feedback approaches.
I. INTRODUCTION
The availability of channel state information (CSI) at the transmitters highly impact the performance of any wireless system. In frequency division duplex (FDD) modes, CSI is obtained from the User Equipement (UE) through feedback links. The CoMP technologies were introduced by the Third Generation Partnership Project (3GPP) in Long Term Evolution-Advanced (LTE-A) as a feature of Release11. A transmission mode 10 (TM10) was specified in [2] for CoMP implementation and when a UE is configurated in TM10 by higher layers, can feed back multiple periodic or aperiodic CSI reports corresponding to one or more CSI processes per serving cell on UL links to his activated serving cell(s). As consequence, the UL overhead increase due to CSI measurement related to multiple points. In this paper, we consider a single-user joint-transmission (SU-JT) scheme composed of cooperating and interfering cells. We study a feedback scheme that takes channel temporal correlation into account in order to reduce the average feedback overhead while improving the capacity performance compared to a conventional feedback scheme. Reducing feedback overhead saves bandwidth in both uplink channel and backhaul connections. In this scope, our object is to find how often a receiver should feed back CSI to the transmitters. Then, a feedback updating period n means that the receiver feeds back to the BSs updated CSI every n channel slots. The feedback updating period is originally Part of this work has been performed in the framework of the FP7 project ICT-317669 METIS, which is partly funded by the European Union. The authors would like to acknowledge the contributions of their colleagues in METIS, although the views expressed are those of the authors and do not necessarily represent the project. calculated for point-to-point MIMO systems in [3] , and for large MIMO systems in [4] .
The paper is organized as follows. In section II, we give the correlated channel model and the system model. In section III, we calculate the feedback updating period for the SU-JT scheme. Simulation results showing feedback reduction and capacity improvement are in section V.
II. CHANNEL AND SYSTEM MODELS

A. Channel Model
Consider a COMP system model and a single-user joint transmission cooperative scheme. The system consists of B base stations which (BSs) jointly serve one single-antenna UE. The transmitting power of the ith BS is P i . Consider also M interfering cells with transmitting power P j per BS. All the transmitters at the BSs are equipped with n t antennas each. The UE's received signal at each channel slot m is
w m ∈ C is the additive white Gaussian noise ∼ CN (0, σ
nt×1 is the channel vector between the ith (jth interfering) BS and the UE and it is spacially uncorrelated flat fading channel. v m,i (v m,j ) ∈ C nt×1 is the beamforming vector at the ith (jth) BS. s m,i (s m,i ) ∈ C is the transmitted signal by the ith (jth) BS satisfying
we assume that all BSs have equal transmitting powers, i.e., P i = P and P j = P . Then, the received signal-to-interferencenoise ratio SINR at channel slot m is given by
In the following section, we calculate the feedback updating period for this system model. The channel time evolution of the channel is modeled by a first-order Gauss-Markov process
where g m C nt×1 is the innovation process having independent and identically distributed (i.i.d.) entries distributed according to CN (0, 1). The initial state h 0 is independent of g m+1 for all m. The time correlation coefficient α ∈ [0, 1] represents the correlation between the elements h m,i and h m+1,i , and is the same for all the elements of h m . Throughout the paper,h denotes the unit vector direction of h,h = h/ h , and h H denotes the Hermitian conjugated transposition operation.
B. Feedback Frameworks
In a conventional random vector quantization limited feedback framework, Scheme A, the receiver feeds back to the transmitter the index of the best beamforming vector for each channel slot m. The beamforming vector is searched over a codebook
B1 , by maximizing the instantaneous beamforming gain
, and the feedback updating period is 1.
In this work, we consider the feedback scheme proposed in [3] , Scheme B. The idea is to exploit the channel temporal correlation to optimize the feedback updating period. That is, the UE feeds back the beamforming vector index every n, (n > 1), channel slots. For this scheme, the random codebook
B2 . More specifically, for each measured channel, at m = 0 the UE feeds back the index of the beamforming vector by solving
The beamformer f 0 is used at the transmitter for the channel slots m = 0 to m = n − 1. At m = n, the UE sends back the next beamforming vector index by solving
The beamformer f n is used during the next n channel slots. In the case when the channel is in a state of deep fading for a long time and the UE needs JT to improve his SINR, the average feedback overhead is reduced by controlling the feedback updating period n. The updating period n and the size of codebook F have a great impact on the performance of scheme B. Thus, for fixed N 1 , N 2 , n t , and α, and given N 2 > N 1 , we want to know whether it is possible to find the maximum feedback updating period n ensuring that the performance of Scheme B is better or at least equal to that of Scheme A. As a consequence, a reduction of the feedback overhead and an enhancement of the performance of scheme B are possible in slow fading regime. This reveals the importance of taking into account the channel temporal correlation into the CoMP feedback design.
III. FEEDBACK UPDATING PERIOD: CONSIDERING
OTHER-CELLS INTERFERENCE We use the average SINR loss at the channel slot m to measure the performance of Scheme B, and to determine the updating period n. The average SINR loss at the mth channel instance between Scheme B and Scheme A is,
For the sake of simplifying the calculation, we consider that the interfering cells are applying the Scheme A constantly. However, in the simulations, this hypothesis is omitted, and the results hold which proves that this assumption does not have great impact on the derived optimal feedback period. Moreover, the interference terms are independent between them, and independent of the signal terms.
Determining the feedback updating period requires closedform expressions for the average beamforming gains of Scheme A and Scheme B in Eq.7. We address this issue in the following.
A. Average SINR of Scheme A Lemma 1: The average beamforming gain of Scheme A with other-cell interference and random vector quantization scheme at the channel instance m (m ≥ 0) is given by
where
and
Proof: See Appendix A for a sketch of the proof.
B. Average SINR of Scheme B Lemma 2:
The average beamforming gain of Scheme B with OCI and random vector quantization scheme at the channel instance m (m ≥ 0) can be put in the form
Proof: The average SINR is determined by steps for m = 0, 1, . . .. Trivially at m = 0, the average SINR of Scheme B is given by
We consider that the average power of the interference is constant across the time,
we have
where the equality follows from the facts thath H 0,i andg 1,i are independent and the expectations of the cross-terms are zeros. Proceeding in a similar way for m = 2,
The generalization for m is straightforward, and the result in Eq.12 is proved. Note that we have used the independence between the direction and the amplitude of h m and g m−k , and used the fact that the amplitudes satisfy E h m
Now that we have put the average beamforming gain of Scheme B in the form of Eq.12, we need to compute each of the right-hand side (r.h.s.) terms.
1) Average of the First Term in Eq.12:
The average of the first term of the r.h.s. of Eq.12 is given by Eq.8 while replacing
2) Average of the Second Term in Eq.12: We follow the same steps as in Lemma.1 to calculate the average of the second term of Eq.12. We formulate the result in the following.
y is a chi-squared random variable, y ∼ X 2 2Mnt . w is a normal random variable, w ∼ N μ w , σ 2 w . The average of x is
Step (a) is for ease of notations. Note that ASB is independent of N 1 , N 2 , and m. Proof: See Appendix B for a sketch of the proof. At this point, the average SINR of Scheme B is obtained by plugging Eq.8 applied to N 2 and Eq.17 into Eq.12. We obtain
C. The Optimal Updating Period
Plugging Eq.8 and Eq.18 into the average effective SINR loss in Eq.7 gives 
+ is the flooring function of the nearest non-negative integer.The updating period n SINR must satisfy
n SINR is function of the channel correlation α, available feedback resources, and the number of transmit antennas. 
IV. NUMERCIAL RESULTS
We evaluate the capacity performance of Scheme B and Scheme A in slow fading environment via Monte Carlo simulations. We consider 3 cooperating BSs and 9 neighbouring interfering BSs, all applying the same feedback reuse scheme.
The time correlation coefficient of the channel α is generated by Jake's model according to α = J 0 (2πf D T ), where J 0 () is the 0th order Bessel function of the first kind, f D is the maximum Doppler frequency, and T is the symbol duration. We consider scenarios and parameters akin to 3GPP LTE-A specifications. The BSs are equipped with n t = 4 antennas each. For the delay model, we use a carrier frequency f c = 2.6Ghz as in frequently deployed in LTE systems, and a time transmission interval T = 1ms. The LTE-A supports terminal's speed up to 360km/h.
In Fig.1 , we plot the upper-bound on the maximal feedback updating period given in Eq.21 for B 1 = 4bits, and B 2 = 6, 8, 10 as a function of the channel time correlation coefficient α. The plotted values of α correspond to a mobile speed ranging from 5km/h (0.9986) to 48km/h (0.8725). As α approaches 1, the feedback updating period increases drastically as the channel does not change and the mobile doesn't move. However, for α < 0.84, when mobile speed exceeds 54km/h, the optimal feedback updating period is 1. In this figure we highlight the cases corresponding to α = 0.9872 and α = 0.8725, with the updating periods of (6; 8) and (2; 3) respectively. We can conclude from Fig.1 that whenever  B 2 increases, i.e. the feedback is finer, the feedback updating period can be extended as long as it guarantees an improved performance over Scheme A.
In Fig.2 , we plot the achievable capacity with full CSI with and without OCI. The Scheme A is considered with B 1 = 4bits, and the Scheme B with B 2 = 6 bits and B 2 = 8bits, respectively. The feedback updating period are n SNR = 6, and n SNR = 8, respectively. These values of n SINR satisfy the upper-bound in Fig.1 . We consider that the user is at equal distance to the cooperating BSs, and is moving at a speed of 15km/h corresponding to α = 0.9872. The results show that by controlling the updating feedback period, Scheme B can present an improved capacity gain over Scheme A while reducing the feedback overhead at the same time. Indeed, Scheme A uses 4bits/channel use, whereas Scheme B uses 1bits/channel use. We also plot the performance of Scheme B with B 2 = 4bits, and n SNR = 8. This shows us the gain obtained by increasing B 2 from 4 to 8 in Scheme B.
In Fig.3 another scenario is considered, where UE's speed of 48km/h (α = 0.8725). We use a feedback updating period of 2 and 3, respectively. For an updating period of 2, Scheme B can perform better than Scheme A. However, for n SINR = 3, we get worse performance. Even for medium speed the reduced feedback scheme can outperfom a conventional scheme but more often we need to update the channel information. Throughput performance of Scheme A (4bits/channel use) and Scheme B (3bits/channel use and 2bits/channel use) when considering othercell interference. User speed 48km/h.
V. CONCLUSION
We have treated the optimization problem of finding the optimal feedback updating period in a limited feedback beamforming system. We have considered a single-user jointtransmission COMP scheme with interference from noncooperating cells. We have characterized bounds on the feedback updating period depending on the channel timecorrelation coefficient, the available feedback bits, and the number of transmit antennas. The proposed feedback framework showed improved capacity performance with reduced average feedback overhead than a conventional feedback scheme based on block-by-block feedback. The feedback overhead reduction is crucial in the overall performance of COMP systems as in some architecture CSI is exchanged between BSs through limited backhaul links. These results reveal the necessity of taking temporal correlation into account to the feedback design. For a future work, we will investigate the multi-user-CoMP scheme, and issues related to decentralized scheduler and BSs clustering.
